Cachexia is a life-threatening wasting syndrome lacking effective treatment, which arises in many cancer patients. Although ostensibly induced by multiple tumor-produced cytokines (tumorkines), their functional contribution to initiation and progression of this syndrome has proven difficult to determine. In this study, we used adeno-associated viral vectors to elevate circulating levels of the tumorkines IL6 and/or activin A in animals in the absence of tumors as a tactic to evaluate hypothesized roles in cachexia development. Mice with elevated levels of IL6 exhibited 8.1% weight loss after 9 weeks, whereas mice with elevated levels of activin A lost 11% of their body weight. Co-elevation of both tumorkines to levels approximating those observed in cancer cachexia models induced a more rapid and profound body weight loss of 15.4%. Analysis of body composition revealed that activin A primarily triggered loss of lean mass, whereas IL6 was a major mediator of fat loss. Histologic and transcriptional analysis of affected organs/tissues (skeletal muscle, fat, and liver) identified interactions between the activin A and IL6 signaling pathways. For example, IL6 exacerbated the detrimental effects of activin A in skeletal muscle, whereas activin A curbed the IL6-induced acute-phase response in liver. This study presents a useful model to deconstruct cachexia, opening a pathway to determining which tumorkines are best targeted to slow/reverse this devastating condition in cancer patients. Cancer Res; 76(18); 5372-82. Ó2016 AACR.
Introduction
Cachexia, a systemic wasting syndrome characterized by a progressive loss of skeletal muscle and fat mass (1) , is observed in patients with many chronic diseases, including cancer, chronic obstructive pulmonary disease, heart failure, diabetes, and AIDS (2) . Up to 80% of patients with advanced cancer suffer from cachexia and as many as 25% of cancer-related mortalities (2 million people globally in 2012) are attributable to cachexia rather than direct tumor burden (3) . As treatment options for cachexia are lacking and patients generally receive little more than palliative care, there is a pressing need to identify the mediators of cancer cachexia and develop therapies to treat this debilitating condition.
Two classes of circulating proteins, proinflammatory cytokines and TGFb family members, have increasingly been linked to the catabolic events that underlie the loss of muscle and adipose tissue in cachexia. Among proinflammatory cytokines, IL6 is arguably the best-characterized mediator of cachexia (4) (5) (6) (7) . Many cancer types secrete IL6 and increased circulating levels of this cytokine in patients correlate with weight loss and reduced survival (8) . Similarly, serum IL6 levels are elevated in most experimental models of cachexia, and blocking IL6 signaling can reduce the rate of cachexia in mice bearing either colon (C26) or uterine (Yumoto) carcinoma cell lines (9, 10 ). IL6 appears central to the integrative physiology of cancer cachexia, targeting multiple tissues/organs. In white adipose tissue (WAT) of cachectic mice, IL6 signaling through Stat3 (7) plays important roles in lipid mobilization (11) and increased energy expenditure (12) . IL6 is also a key mediator of the futile acute-phase response (APR) in liver during cachexia, driving hepatic export protein production at the expense of protein synthesis in peripheral tissue, such as skeletal muscle (5) . Whether IL6 directly targets muscle during cachexia, however, is less well defined (13) .
In contrast to interleukins, TGFb family proteins, particularly myostatin, activins, and GDF15, have been strongly linked to muscle wasting during cachexia (14) (15) (16) . Normally, musclederived myostatin and circulating activins act in concert to negatively regulate muscle mass (17) , but systemic elevation of these growth factors, either in the presence or absence of tumors, results in marked muscle atrophy and cachexia (14) (15) (16) . Strikingly, in cancer cachexia models, including C26 tumor-bearing mice, inhibin-deficient mice, and nude mice implanted with human melanoma or ovarian carcinoma xenografts, blockade of the activin/myostatin pathway [via delivery of soluble activin type II receptor (ActRIIB)] reversed muscle wasting and prolonged survival (18) . As the positive effects of soluble ActRIIB in C26 mice were observed despite persistently elevated levels of IL6, IL1b, and TNFa (18) , the authors speculated that activin-related ligands are more important than proinflammatory cytokines in triggering muscle wasting and cachexia.
Different groups have identified IL6 or activin A as the key mediator of cachexia in the C26 model, supporting the concept that tumors secrete multiple cachectic factors, each of which contribute to systemic wasting (1, 5) . However, because different cancer types, and potentially every individual cancer patient, will produce a defined set of tumorkines (1) , it has proven extremely difficult to determine the relative contribution of these factors to cachexia progression. In this study, we have evaluated a new approach to identify the factors contributing to cachexia. Using adeno-associated viral vectors (AAV vectors), we elevated circulating IL6 and/or activin A, in the absence of tumor burden, and determined the relative contribution of each factor to the pathogenesis of cachexia.
Materials and Methods

Production of AAV vectors
cDNA constructs encoding for IL6, activin A, TNFa, and Tweak were cloned into an AAV expression plasmid consisting of a CMV promoter/enhancer and SV40 poly-A region flanked by AAV2 terminal repeats. These AAV plasmids were cotransfected with pDGM6 packaging plasmid into human embryonic kidney 293 (HEK293) cells (cell line not authenticated) to generate type-6 pseudotyped viral vectors, which were harvested and purified as described previously (19) . The purified vector preparations were quantified with a customized sequence-specific quantitative PCR-based reaction (Life Technologies; ref. 19) .
Animal experiments
All experiments were conducted in accordance with the code of practice for the care and use of animals for scientific purposes (National Health & Medical Council of Australia, 2015). Implantation of colon-26 (C26)-derived tumor tissue was carried out on isoflurane-anesthetized male BALB/c mice, as described previously (20) . Weighing and body composition was performed using quantitative magnetic resonance (EchoMRI) periodically during the 3-week experiment. At the experimental endpoint, terminal bloods were collected from anesthetized mice by cardiac puncture, and mice were then humanely euthanized via cervical dislocation. Tissues and organs were excised rapidly and weighed before subsequent processing.
For the analysis of IL6, TNFa, and Tweak, AAV6 vectors carrying these transgenes were injected at 10 9 , 5 Â 10 9 , 10 10 , 5 Â 10 10 , or 10 11 vector genomes (vg) into the right tibialis anterior (TA) muscles of 6-to 8-week-old male C57BL/6 mice under isoflurane anesthesia. Control vectors carrying an empty transgene were injected into the right TA muscles of separate cohorts of mice. For the analysis of activin A and IL6, AAV6 vectors carrying the activin A transgene were injected at a total dose of 1.3 Â 10 12 vg into the right TA, gastrocnemius, and quadriceps muscles of 30-week-old male C57BL/6 mice under isoflurane anesthesia, whereas IL6 vectors were injected at 7 Â 10 9 vg into the left TA muscle. Control vectors carrying an empty transgene were injected at equivalent doses into the respective muscles of a separate cohort of mice. Weighing and body composition was performed using quantitative magnetic resonance (EchoMRI) weekly during the 9-week experiment. Blood was collected from the tail vein at defined time points throughout the experiment. At the experimental endpoint, all mice were humanely euthanized via cervical dislocation. Tissues and organs were rapidly excised and weighed before subsequent processing.
ELISAs
Activin A was measured using a specific ELISA as previously described (Oxford Bio-Innovations; ref. 21) . Serum IL6 concentration was measured using an ELISA Kit according to the manufacturer's specifications (Ray Biotech).
Histology
Harvested muscles, heart, liver, and spleen were placed in OCT cryoprotectant and frozen in liquid nitrogen-cooled isopentane. The frozen samples were cryosectioned at 10-mm thickness and stained with hematoxylin and eosin or Masson's Trichrome, as described previously (14) . Harvested adipose tissues were fixed with 4% PFA overnight at 4 C and stored in 70% (w/v) ethanol. The fixed tissues were embedded in paraffin, cut at 5 mm thickness and stained with hematoxylin and eosin. All sections were mounted using DePeX mounting medium (VWR) and imaged at room temperature using a U-TV1X-2 camera mounted to an IX71 microscope, and an Olympus PlanC 10Â/0.25 objective lens. DP2-BSW acquisition software (Olympus) and Aperio AT Turbo (Leia Biosystems) used to acquire images. The minimum Feret's diameter of muscle fibers was determined using ImageJ software (NIH) by measuring at least 150 fibers per mouse muscle.
qRT-PCR
Total RNA was collected from TA and quadriceps muscles, liver, and WAT using TRIzol. RNA (1-3 mg) was reverse transcribed using the high capacity RNA-to-cDNA Kit (Life Technologies). Gene expression levels were analyzed by qRT-PCR, with Hprt to standardize cDNA concentrations, using Taqman gene expression assays (Life Technologies) and ABI detection software. Data were analyzed using the DDCT method of analysis and normalized to a control value of 1.
Western blotting
TA and quadriceps muscles, heart, liver, spleen, and WAT were homogenized in RIPA-based lysis buffer (Millipore) supplemented with Phosphatase and Protease Inhibitor Cocktails (Sigma Aldrich). Except for WAT, samples were centrifuged at 13,000 Â g for 15 minutes at 4 C and then denatured for 5 minutes at 95 C. For WAT, protein was precipitated using chloroform-methanol extraction and resuspended in 2% SDS in PBS. Protein concentrations were determined using a Protein Assay Kit (Thermo Scientific). Protein fractions were subsequently separated by SDS-PAGE using pre-cast 4% to 12% Bis-Tris gels (Bio-Rad) blotted onto nitrocellulose membranes (Bio-Rad) and incubated overnight at 4 C with antibodies against pSmad3, Smad3 (Epitomics), LC3A, pStat3, Stat3 (Cell Signaling Technologies) at 1:1,000 dilution, or GAPDH (Santa Cruz Biotechnology) at 1:10,000 as described previously (22) , then probed with horseradish peroxidaseconjugated secondary antibody for 1 hour. Chemiluminescence was detected using ECL Western blotting detection reagents (GE Healthcare).
Statistical Analysis
One-and two-way ANOVAs were used to assess statistical differences across conditions, with the Tukey post hoc test used for comparisons between the specific group means using GraphPad Prism v.6 (GraphPad). Comparisons between two conditions only utilized the Student t test. Data groups with different letters achieved significance of P < 0.05. Data are presented as the means AE SEM.
Results
Serum IL6 and activin A levels are elevated in C26 tumorbearing mice and are associated with decreased tissue/organ mass
In this study, 10-week-old male BALB/c mice began to lose body weight 7 days after implantation of C26 tumors (Fig. 1A) . By 18 days post-implantation, tumor-bearing mice had lost greater than 20% of their starting body weight (Fig. 1A) . Body composition analysis identified loss of both lean ($12%) and fat ($75%) mass in these mice (Supplementary Fig. S1A and S1B). The reductions in body weight after 18 days were associated with markedly elevated levels of serum IL6 (control: 28.6 AE 32.9 pg/mL, n ¼ 4; C26: 2,574 AE 1,664 pg/mL, n ¼ 6; Reductions in lean mass in mice-bearing C26 tumors were due to significant decreases in the weight of multiple tissues/ organs, including skeletal muscle, heart, and liver ( Fig. 2A-C ; Supplementary Fig. S1C ), and occurred despite the spleen more than doubling in size (Fig. 2D ). Histologic examination revealed that decreases in muscle mass were a product of muscle fiber atrophy ( Fig. 2A) , whereas decreases in liver mass may have occurred due to hepatocellular death around the central vein ( Fig. 2C ; ref. 23 ). The change in mass of each tissue/ organ was associated with enhanced IL6-like signaling, as evident by increased Stat3 phosphorylation ( Fig. 2A-D ; Supplementary Fig. S1D ). In contrast, activation of activin A signaling via p-Smad3 was only apparent in the liver (Fig. 2C ), although characteristic changes in the expression of Smad2/3-regulated genes (Csrp3, Igfn1, and Ky; ref. 14) were observed in skeletal muscles of C26 tumor-bearing mice (Supplementary Fig. S1E ). Interestingly, significant changes in mRNA levels of IL6 and activin A were observed in some tissues of C26 tumor-bearing mice, which could contribute to the detrimental local effects of these factors ( Supplementary  Fig. S2A-S2D ).
Elevated circulating IL6 and activin A, in the absence of tumor, promotes cachexia
As we have done for activin A (14), we used AAV6 vectors to induce graded increases in circulating IL6 ( Supplementary Fig.  S3A ). Administering a vector dose of 7 Â 10 9 viral genomes in tumor-free mice raised serum IL6 levels to approximately the same extent (90-fold) as observed in C26 tumor-bearing mice (Fig. 1B) . A time-course analysis indicated that the secretion of IL-6 from the TA muscle was rapid, with a 22-fold increase in circulating levels by 3 days and a 117-fold increase by 3 weeks (Fig. 3A) . Circulating activin A levels rose more gradually (Fig. 3A ), but were 4-to 5-fold elevated prior to the initiation of whole body wasting (Fig. 3B) .
Thirty-week-old mice injected with control vector lost a small proportion (À3.7%) of their starting body mass over the ensuing 9 weeks (Fig. 3B ), whereas mice with elevated levels of IL6 demonstrated more substantial weight loss (À8.1% or À3.0 AE 1.0 g). Consistent with our previous study (14) , high circulating activin A induced an $11% decrease in body mass (À4.0 AE 1.4 g) by 9 weeks after vector administration (Fig. 3B) . When serum IL6 and activin A were co-elevated to levels approximating those observed in the C26 cachexia model, mice experienced more rapid and profound (À15.4%; À5.9 AE 1.8 g) weight loss, consistent with these factors exerting an additive (rather than synergistic) net effect (Fig. 3B) . A, body weights were measured and plotted as percentage change from week of C26 implantation (n ¼ 4-6). B, terminal blood samples were collected and activin A and IL6 levels in serum were measured using specific ELISAs (n ¼ 4-5). All experiments, unpaired Student t test; data groups with different letters achieved significance of P < 0.05.
Body composition analysis indicated that activin A and IL6 primarily target distinct tissues during the progression of cachexia. Accordingly, the decrease in lean mass (À11.3%) observed when both factors were elevated was almost entirely consistent with the effects of activin A alone (Fig. 3C) . Although co-expression of IL6 increased the rate of activin-induced lean tissue loss, particularly during the first 3 weeks, IL6 by itself did not significantly affect lean mass (Fig. 3C) . Indeed, only supraphysiological concentrations of IL6 (>58 ng/mL) led to a decrease in lean mass (Supplementary Fig. S3A and S3B ). In contrast, IL6 induced a large decrease in fat mass (À25.5%), which was only marginally enhanced (À30.2%) in the presence of high circulating levels of activin A. Alone, a 16-fold increase in serum activin A induced only moderate fat loss (À11%; Fig. 3D ).
As IL6 and activin A are two of the factors elevated in C26 tumor-bearing mice, we repeated the above experiments using AAV6 vectors expressing TNFa or TWEAK. Although TNFa, but not TWEAK, caused significant atrophy in the injected TA muscle ( Supplementary Fig. S4A-S4D ), neither cytokine induced systemic wasting ( Supplementary Fig. S4E-S4G ).
Impact of IL6 and activin A on skeletal muscle
In these experiments, the right hindlimb muscles served as a local source of activin A secretion into the systemic circulation. These muscles underwent severe atrophy, which was associated with elevated Smad3 phosphorylation ( Fig. 4A and B) . More distant muscles (e.g., left quadriceps and gastrocnemius) and other lean tissues (liver and heart) exposed to elevated circulating activin A also showed significant atrophy ( Supplementary  Fig. S5A and S5B). Although we previously showed that activin A initiated muscle wasting after 7 days by upregulating the expression of the muscle-specific ubiquitin ligases, atrogin-1 and MuRF-1 (14) , these effects did not persist over 9 weeks of transgene expression ( Supplementary Fig. S6A ), even though the IL6 and activin A signaling in tissues/organs affected by cachexia in C26 mice. Ten-week-old male BALB/c mice were implanted with 1 mm 3 fragments of solid C26 tumor in the flank (control mice received sham surgery). At the experimental endpoint, TA muscle (A), heart (B), liver (C), and spleen (D) were excised and weighed (n ¼ 4-5, unpaired Student t test at final time point; data groups with different letters achieved significance of P < 0.05), and cryosections were stained with hematoxylin and eosin (bar, 100 mm). The phosphorylation of Stat3 and Smad3, downstream transcription factors of IL6 and activin A, respectively, was assessed by Western blot analysis.
decline in muscle fiber size was sustained (Fig. 4C and D) . The expression of other more recently described ubiquitin ligases, Mul1 and Musa1, also did not change in response to activin A and/or IL6 treatment (Supplementary Fig. S6A ). The continued loss of muscle mass may result from the considerable fibrosis that accompanies activin expression within skeletal muscle (Fig. 4E) . Another contributing factor may be activation of the autophagy-lysosome pathway, as activin induced a large increase in expression of the autophagy indicator, LC3AI, and its conversion into the phosphatidylethanolamine (PE)-conjugated form, LC3AII (Fig. 4B) . Although LC3AII is clearly correlated with the number of autophagosomes, its level at any given time does not necessarily indicate autophagic flux. Therefore, to conclusively demonstrate a role for activin in skeletal muscle autophagy, future experiments would need to measure the amount of LC3AII delivered to lysosomes in the presence or absence of lysosomal protease inhibitors.
IL6, produced by the left TA muscle following injection of AAV6:IL6, had no local or systemic effects on muscle mass (Fig. 4A and Supplementary Fig. S5A ), despite activating Stat3 signaling in 12 vg) and/or the left tibialis anterior muscle was injected with AAV6:IL6 (7 Â 10 9 vg). Control mice received equivalent doses of AAV6 carrying an empty transgene. A, at defined time points after AAV6 injection, bloods were collected and serum levels of activin A and IL6 were determined using specific ELISAs (n ¼ 3-5). B, during the course of the experiment, body weights were measured and plotted as percentage change from the week of AAV6 injection. Quantitative magnetic resonance was used to measure lean (C) and fat (D) mass across the experimental time course (n ¼ 4-5). All experiments, two-way ANOVA with Tukey post hoc test; data groups with different letters at final time point achieved significance of P < 0.05. this tissue (Fig. 4B) . The lack of an IL6 effect on muscle mass was mirrored by a lack of significant changes in the transcription of IL6 target genes (Supplementary Fig. S6B ). Interestingly, at 9 weeks after AAV6:activin A and/or AAV6:IL6 injection, elevated serum IL6 potentiated activin's detrimental effects on skeletal muscle (Fig. 4C-E) , increasing the expression of activin-regulated atrophy (Tnfrsf12a, Igfn1, Zmynd17, Cdkn1a) and fibrosis (Mfap4, Comp) associated genes (Fig. 4F) . These data indicate that pathologic levels of IL6 are not sufficient to cause muscle atrophy, but they can enhance the harmful effects of activin A. Interplay between IL6 and activin A in skeletal muscle. A, nine weeks after AAV6:activin A and/or AAV6:IL6 injection, right quadriceps muscles were excised and weighed (n ¼ 10-11). B, the phosphorylation of Stat3 and Smad3, downstream transcription factors for IL6 and activin A, respectively, and the expression of autophagy indicator, LC3AI/LC3AII, was assessed by Western blot analysis. C, muscle atrophy in response to activin A and/or IL6 was a product of changes in muscle fiber size (reported here as representative hematoxylin and eosin-stained cryosections; bar, 100 mm), and a box and whisker plot (D; n ¼ 3 with at least 150 myofibers counted per quadriceps muscle) comprising minimum, lower quartile, median, upper quartile, and maximum values for myofiber diameter. E, activin A and/or IL6-induced collagen deposition was assessed using Masson's trichrome stain. F, qRT-PCR was performed for activin A-responsive genes in skeletal muscle (n ¼ 4-5). All experiments, one-way ANOVA with Tukey post hoc test; data groups with different letters achieved significance of P < 0.05.
IL6 and activin A induce atrophy of WAT
At the experimental endpoint, fat mass was increased by 5.4% from the starting value in mice injected with control vector (Fig. 5A) . In contrast, mice demonstrated reduced fat mass relative to starting values, if they had been administered vectors to increase circulating levels of activin A (WAT mass change: À11.0 AE 7.4%), IL6 (À25.5 AE 13.8%), or the two factors combined (À30.2 AE 17.1%; Fig. 5A ). Consistent with the observed reductions in WAT mass, there was a corresponding decrease in adipocyte size across the treatment groups (Fig. 5B) . Circulating activin A alone increased total and phosphorylated Stat3 levels in WAT (Fig. 5C) , suggesting that activin's comparatively modest effects on fat mass may be partially mediated via activation of IL6-like signaling. Conversely, IL6, increased pSmad3 levels (Fig. 5C ), thereby identifying WAT as an important site of interaction between these two signaling pathways. At 9 weeks after vector administration, analysis of the expression of genes involved in lipolysis (Atgl and Hsl), fatty acid oxidation (Ppara and Cpt1a), and browning (Prdm16 and UCP1) suggested activin A may activate the fatty acid catabolism pathway and, together with IL6, adaptations consistent with browning of WAT (Fig. 5D and Supplementary Fig. S6C and S6D) . However, few of these gene changes reached significance. Overall, the relatively minor effects of activin A and IL6 at the gene level in WAT and BAT likely reflects that at 9 weeks, fat loss had essentially stabilized across all groups (Fig. 3D) .
Activin A causes necrosis and fibrosis in the liver and suppresses the IL6-induced APR High levels of circulating activin A have been shown to reduce liver mass (23, 24) and this was replicated in this study (Fig. 6A) . In contrast, increased circulating IL6 had no affect on liver mass, Interactions between IL6 and activin A in WAT. A, nine weeks after AAV6:activin A and/or AAV6:IL6 administration, total fat mass was assessed by EchoMRI and plotted as a percentage of starting fat mass (n ¼ 4-5). B, epididymal fat was excised, fixed in paraformaldehyde, and sections were stained with hematoxylin and eosin (bar, 100 mm). C, the phosphorylation of Stat3 and Smad3, downstream transcription factors of IL6 and activin A, respectively, was assessed by Western blot analysis. D, qRT-PCR was performed for activin A-and/or IL6-responsive genes in subcutaneous WAT (n ¼ 4-5). All experiments, one-way ANOVA with Tukey post hoc test; data groups with different letters achieved significance of P < 0.05.
despite robustly activating Stat3 in this tissue (Fig. 6B) . The livers of mice with high circulating activin A presented with significant hepatocellular necrosis around the central vein and showed foci of chronic lymphocytic inflammation, which were not observed in control mice, or mice with elevated serum IL6 (Fig. 6C) . Similar effects have previously been observed in inhibin-deficient mice, which develop gonadal tumors and cachexia subsequent to a significant elevation in circulating activin (23) . At the transcript 
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Act A Act A + IL6 Figure 6 . Elevated circulating IL6 and activin A have profound effects on the liver. A, nine weeks after AAV6:activin A and/or AAV6:IL6 injection, livers were excised and weighed (n ¼ 10-11). B, the phosphorylation of Stat3 and Smad3, downstream transcription factors of IL6 and activin A, respectively, was assessed by Western blot analysis. C, cryosections were stained with hematoxylin and eosin and demonstrated hepatocellular necrosis around the central vein (arrow) and foci of chronic lymphocytic inflammation (arrowhead) in mice treated with AAV6:activin A (bar, 100 mm). D and E, qRT-PCR was performed for activin A-and/or IL6-responsive genes in liver (n ¼ 4-5). All experiments, one-way ANOVA with Tukey post hoc test; data groups with different letters achieved significance of P < 0.05.
level, activin A markedly increased expression of the cyclindependent kinase inhibitor, Cdkn1a (Fig. 6D) , which inhibits mature hepatocyte proliferation (25) , and neurotrophic tyrosine kinase receptor type 2 (Ntrk2), which plays a role in maintaining innervation of the liver (26) . In addition, extracellular matrix (ECM) genes (Col1a1, Col1a3, Mfap4, and Serpine1) trended upward in response to activin A (Fig. 6D and Supplementary Fig. S7A ) and this effect was associated with substantial collagen deposition throughout the liver ( Supplementary  Fig. S7B) . A major effect of IL6 during the progression of cancer cachexia is the stimulation of an APR within the liver (5). Consistent with this process, raising circulating IL6 to levels approximating those seen in murine cachexia models induced a substantial increase in the transcription of acute-phase proteins, including serum amyloid A1 (Saa1, 51-fold; Fig. 6E ). In contrast, high circulating activin A markedly downregulated mRNA levels of Saa1 (13-fold) when expressed alone, and reduced the IL6-induced APR when both factors were co-elevated in serum (Fig. 6E) . These results indicate that IL6 and activin A have potent effects on the liver, which could contribute to the progression of cachexia.
Discussion
Defining how specific tumor-derived cytokines and growth factors contribute to the onset and progression of cachexia has proven challenging against the background of tumor development. For example, mice-bearing C26 tumors have elevated serum levels of IL1b, IL6, TNFa, LIF, oncostatin M, activin A, and activin B (4, 27) , each of which has been implicated in the pathogenesis of cachexia. Using recombinant serotype-6 adenoassociated viral vectors (AAV6), we developed a process to raise circulating levels of lead candidate tumorkines in mice in the absence of tumor burden, and examined the role of these factors in the integrative physiology of cachexia. The strength of this approach is its capacity to be adapted to investigate any combination of potential cachectic factors and its applicability to other animal models, such as primates (28) .
To demonstrate the utility of this approach, we chose to elevate serum levels of IL6 and activin A, which have each been implicated in cachexia progression in the C26 cancer model (12, 18) . We used AAV6 vectors to express IL6 and/or activin A from the left and right hindlimb muscles, respectively, of 30-week-old C57BL/6 mice. In this way, the hindlimb muscles were manipulated to operate as a local source of IL6 and activin A secretion into the systemic circulation. In comparison to the increases in serum IL6 (90-fold) and activin A (17-fold) observed in mice implanted with C26 tumor fragments for 18 days, vector administration to healthy mice for 3 weeks led to a rapid rise in circulating IL6 (117-fold) and a more gradual increase in circulating activin A (4.5-fold, although levels did increase 16-fold after 8 weeks).
Increased circulating activin A levels caused a substantial loss of body weight that was the product of decreases in the mass of skeletal muscle and organs, including the heart and liver. Elevated serum IL6 levels enhanced the initial rate of activin-induced lean tissue loss, but did not have direct effects on lean tissue mass. The lack of an IL6 effect directly on muscle was most vividly demonstrated in the tibialis anterior muscles that had been injected with AAV6:IL6 vectors. These muscles produced high levels of IL6, yet demonstrated no consequential atrophy. Of particular interest when discussing the relative influence of tumorkines alone and in combination, the rate and extent of lean tissue atrophy induced by increased serum levels of IL6 and activin A over 3 weeks were very similar to those observed in mice implanted with cachexia-inducing C26 tumors (Supplementary Fig. S8A ). Between 4 and 9 weeks after vector administration, the rate of decline in lean tissue mass in IL6/activin A-treated mice slowed considerably, but ethical guidelines prevented mice bearing C26 tumors from being studied over a similar extended time course. Collectively, the data reported here indicate that elevation of serum activin A, together with contributions from IL6, is capable of recapitulating the rapid loss of lean mass observed in C26 tumor-bearing mice.
Wasting of WAT is another key manifestation of cancer cachexia (3). Inhibiting lipolysis in WAT by genetic ablation of adipose triglyceride lipase ameliorates many features of cachexia, suggesting that loss of fat mass may actually drive the ensuing cachectic phenotype in other tissues (29) . In our system, elevated serum IL6 levels triggered a significant decrease in fat mass, which is consistent with previous studies reporting that administration of IL6 increases lipolysis and fatty acid oxidation in mice and humans (7, 11) . Interestingly, the rate and extent of fat loss in mice with high circulating IL6 (À25% in 9 weeks) was much reduced compared with that observed in C26 tumor-bearing mice (À74% in 3 weeks; Supplementary Fig. S8B ). Thus, IL6 is not sufficient to drive the rapid depletion of adipose tissue during cancer cachexia, although it may play an important role in this process. Other tumorkines that have been implicated in lipid mobilization, such as TNFa or zinc-a2-glycoprotein (3), may be required to exacerbate adipose tissue wasting to the degree observed in cancer-induced cachexia. Our approach is readily amenable to examining the role of these and other prospective tumorkines, alone and in conjunction, in an attempt to replicate the fat loss observed in C26 tumor-bearing mice.
Our tumor-free system allowed us to examine not only the systemic effects of elevated activin A and IL6, but also the interplay of these factors within tissues/organs affected by cancer cachexia. Thus, activin A-induced atrophy and fibrosis in skeletal muscle was enhanced by high serum levels of IL6, despite IL6 having no direct effects on these parameters. Changes in signaling associated with protein synthesis/degradation that we have previously shown underlie early activin-induced muscle wasting (14) , were not as evident in muscles examined after 9 weeks of sustained exposure to elevated serum levels of activin A and IL6. Conceivably, the slowing of muscle loss in mice at this time may be accompanied by upregulation of feedback mechanisms that afford muscles a degree of protection from further activin-induced wasting. Similarly modest effects on key processes were observed in WAT where, despite robust Stat3/Smad3 signaling and significant atrophy, only minor changes in genes involved in lipolysis, lipid utilization, and browning were observed after 9 weeks of exposure to high circulating levels of activin A and IL6. Examining tissue samples across a time course that spans disease onset and progression (i.e., when the rate of tissue loss is greatest), may provide additional insights into interactions between these tumorkines and reveal mechanisms that are recruited to slow wasting.
As a key organ in the integrative physiology of cancer cachexia, the liver appears exquisitely sensitive to increased circulating levels of activin A and/or IL6. High serum activin A has been reported to promote cell death in areas surrounding the hepatic central vein (23, 24) . In addition to hepatocyte death, we also observed evidence that circulating activin A can induce fibrosis within the liver, which may constitute a previously unrecognized feature of cancer cachexia. As was seen in skeletal muscle, IL6 enhanced the detrimental effects of activin A in liver, causing increased cell death and fibrosis. In contrast, activin A decreased the IL6-induced APR in the liver, probably by reducing the number of hepatocytes that could respond to this cytokine, rather than directly inhibiting downstream IL6 signaling.
Although our current studies have focused on IL6 and activin A as leading tumorkines, the AAV-based tumor-free methodology that we have developed provides the means to examine the systemic effects of multiple factors and to identify those most important to the initiation and progression of cachexia. For instance, it was recently shown that blocking Fn14, the cognate receptor for the cytokine TWEAK, specifically in the tumors of mice implanted with C26 cells, significantly reduced cancerinduced cachexia and prolonged survival (30) . Elsewhere, it has been reported that osteolytic bone metastases promote the release of TGFb into the circulation, which impairs intracellular Ca 2þ handling with deleterious consequences for muscle function (31) . We propose that the use of AAV vectors to manipulate combinations of tumor-and host-derived factors will help deconstruct the etiology of cachexia. Moreover, this approach could hasten development of cachexia therapeutics, which are urgently required to address the morbidity and mortality associated with many forms of advanced cancer and chronic illness.
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